A new method was developed for the determination of eight earthy-musty compounds in drinking water by gas chromatography tandem mass spectrometry (GC-MS/MS) combined with dispersive liquid-liquid microextraction (DLLME). In this work, the type and volume of extraction solvent and dispersion agent, and the amount of NaCl were optimized; the linearity, detection limit, recovery and precision of method were investigated. The results indicated that the target analytes were in the range of 0.2 -100 μg/L with correlation coefficient (r) ranging from 0.9991 to 0.9999, the limit of detection (LOD, S/N = 3) of the analytes ranged from 0.2 to 1.0 ng/L with the enrichment factor of 320. The mean recoveries for drinking water at three spiked concentrations levels of 0.6 -32 ng/L were in the range of 91.3 to 103%, the precision ranged from 3.1 to 7.5% (n = 6), and the inter-day precision was from 6.1 to 11.1% (n = 5). Only one of 15 selected real samples tested positive for GSM, and the concentration was 3 ng/L. This method was confirmed to be simple, fast, efficient, and accurate for the determination of earthy-musty compounds in aqueous samples.
Introduction
Earthy-musty compounds in water have become widespread all over the world and have greatly impacted the quality of the water environment. They are difficult to remove by conventional chemical drinking water treatment. Some people can smell the odor of these compounds in drinking water at concentrations of ppt level or less. Earthy-musty compounds mainly include 2-methyl isoborneol (2-MIB), Geosmin (GSM), 2,4,6-trichloroanisole (2,4,6-TCA) and 2-isopropyl-3-methoxy pyrazine (IPMP). 1 The earthy-musty compounds make the water smell foul [2] [3] [4] [5] or even threaten drinkers' health, 6 when the concentrations of GSM, 2-MIB and TCA reaches 4 -10 ng/L, 9 -42 ng/L and 30 pg/L, respectively. At present, there are no uniform safety criteria for regulating the content of these compounds in drinking water in countries around the world. The concentration of these compounds is usually controlled in the range of 1 -10 ng/L. 3, [7] [8] The concentrations of GSM and 2-MIB are required to be controlled below 10 ng/L 9 as a sanitary standard for drinking water in China. Thus, the identification and quantification of trace amounts of earthy-musty compounds is essential since these compounds dramatically impact the aesthetic quality and consumer acceptability of drinking water.
Many analytical methods have been used to detect these earthy-musty compounds, such as gas chromatography (GC), 10 gas chromatography coupled with mass spectrometry (GC-MS), [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and gas chromatography tandem mass spectrometry (GC-MS/MS). 27 However, some of these methods have some drawbacks such as poor sensitivity or selectivity. GC-MS/MS has higher selectivity and sensitivity compared with the other mentioned methods, and it can be used to determine ultra trace amounts of earthy-musty compounds.
However, preconcentration is necessary to detect trace levels or ultra trace levels of earthy-musty compounds in drinking water. Several pretreatment methods have been developed, such as liquid phase microextraction (LPME), 10 closed loop trapping (CLSA), 11 solid phase extraction (SPE), 13 liquid-liquid extraction (LLE), stir bar sorptive extraction (SBSE), 14 purge and trap (P&T), [18] [19] [20] [21] solid phase microextraction (SPME) [22] [23] [24] [25] [26] [27] for detection of harmful compounds in water samples and other matrixes. Among them, LLE needs to consume a large amount of organic extractant, and the extracting organic solvent easily pollutes the environment and is harmful to human health. The operation of LLE is complicated and time-consuming with low enrichment factor. The phenomenon of emulsion is not conducive to the analyte extraction from the matrix in LLE procedure. The experimental apparatus for CLSA and P&T are expensive and their operations are time-consuming. Dispersive liquid-liquid microextraction (DLLME) proposed by Assadi in 2006 28 is a new technique derived from LPME. The DLLME has the advantages of simple operation, cutting down solvent consumption, short extraction time, high enrichment factor, low cost and environmentally friendly. It has been widely applied to determinate trace or ultra-trace organic pollutants in environmental samples. Until now, the detection of trace earthy-musty odorous compounds by DLLME coupled with GC-MS/MS has not yet been reported, as far as we know. Thus, the type and volume of extractant and disperser are investigated in detail as well as ionic strength. The optimal conditions of preconcentration, qualitative and quantitative analysis were obtained for DLLME coupled with GC-MS/MS. A simple, rapid, accurate and sensitive method was established for determination of eight trace level earthy-musty odorous compounds (2-MIB, GSM, IPMP, IBMP, 2,4,6-TCA, 2,3,4-TCA, 2,3,6-TCA and 2,4,6-TBA) by DLLME coupled with GC-MS/MS. The structures of eight earthy-musty odorous compounds are shown in Fig. 1 .
Experimental

Reagents and materials
Analysis was performed on TSQ quantum gas chromatography coupled with triple quadrupole tandem mass spectrometry with EI ionic source (Thermo Co., USA). Vortex mixer (IKA, Germany) and Centrifuge (Eppendorf, Germany) were used for assisting the emulsification process of the microextraction technique.
Standard solution (100 mg/mL in methanol) of 2-MIB and GSM were purchased from Dr. Ehrenstorfer (Augsburg, Germany). The purities of the standard compounds of IPMP, IBMP, 2,3,4-TCA, 2,3,6-TCA, 2,4,6-TCA and 2,4,6-TBA purchased from Dr. Ehrenstorfer (Augsburg, Germany) were greater than 99%. Carbon tetrachloride, acetonitrile (HPLC, Fisher), sodium chloride (A.R, Guangzhou Chemical Reagent Factory) were dried at 400 C for 2 h, then were placed in desiccator before use. Ultra pure water (18.2 MΩ) obtained from a Milli-Q water purification system (Millipore, Paris, France) was used in this work.
Preparation of stock standard solution
First, 100 mg/L each of stock standard solution for eight earthy-musty compounds (EMCs) were prepared in methanol. Mixed stock standard solutions of 1 mg/L were prepared by diluting each standard in methanol and kept in refrigerator (-18 C) before use. A series of standards were stepwise diluted to required concentration of working standard solutions by carbon tetrachloride.
DLLME procedure
An 8.0-mL aliquot of water sample was placed in a 10-mL glass centrifuge tube, then, 1.0 g sodium chloride was added. Next, 250 μL of acetonitrile and 40 μL of chloroform were added and mixed up. The resulting mix was vortexed for 2 min, and then was centrifuged for 5 min at a rotating rate of 3000 r/min. A 1.0-μL aliquot of the chloroform phase was removed from the bottom of the centrifuge tube and injected into gas chromatography for analysis.
GC-MS/MS conditions
A DB-5MS capillary column (Agilent, CA, USA) with 30 m × 0.25 mm i.d. and 0.25 μm film thickness was used to separate earthy-musty odorous compounds. Helium (>99.999% pure) was used as carrier gas at a constant column flow of 1.0 mL/min. The GC oven temperature program was set at an initial Ion pair with " * " for quantification. temperature of 60 C for 1 min, raised to 200 C at 10 C/min, then increased to 280 C (hold for 5 min) at 25 C/min. The injector was set in splitless mode and injector temperature was 280 C. The source and GC interface temperature were set at 250 and 280 C, respectively. Argon was used as the collision gas at the ion trap chamber. The emission current of the ionization filament was set at 25 μA. The solvent delay time was set to 5.0 min. The scan mode was set to multi-reactions monitoring (MRM). The MS parameters and selected ion chromatograms for eight earthy-musty compounds are listed in Table 1 and Fig. 2 , respectively.
Results and Discussion
Selection of extraction solvent
In order to optimize the DLLME procedure, some important parameters influencing the extraction efficiency, such as extraction solvent, NaCl effect, disperser and extraction time, were investigated in detail. The type of extraction solvents and their volume were two important parameters that played an important role in the DLLME procedure. Three different extraction solvents (tetrachloromethane, chloroform and dichloromethane) were examined and, simultaneously, the volume of the extraction solvent was optimized. The choice of the extraction solvent was mainly based on criteria such as higher density than water, low solubility in water, high extraction efficiency, and good gas chromatographic behavior. According to these criteria, we investigated the performance as extraction solvent of carbon tetrachloride (CCl4, d = 1.59 g/mL), chloroform (CHCl3, d = 1.48 g/mL) and dichloromethane (CH2Cl2, d = 1.33 g/mL). A series of experiments was carried out using 200 μL of these solvents as extraction solvents with 250 μL of acetonitrile as the dispersive solvent. The obtained volume of sedimented phase was 180, 115 and 50 μL with tetrachloromethane, chloroform and dichloromethane used as extractant after centrifugation, respectively. Figure 3 shows the CCl4 has the highest extraction efficiency (EFs) for all the eight earthy-musty odorous compounds when the volume of extraction solvent was 200 μL. The forming emulsion was the most stable and the precipitated phase was more easily to be transferred by pipette when the CCl4 was used as extraction solvent. Thus, the CCl4 was chosen as extraction solvent for subsequent experiments.
In DLLME, the changing of the extraction solvent volume resulted in a change in the volume of the sediments phase and in the EFs. Commonly, the volume of extraction solvent was taken as small as it can be, in order to achieve the highest possible EFs and the least toxicity hazards for the environment. On the other hand, it should be taken as much as possible to extract maximum possible amount of analytes and to ensure that the volume of the sedimented phase was sufficient for further chromatographic analysis. In order to investigate the effect of the volume of extraction solvent, experiments involving different volumes of CCl4 (40, 60, 80, 100, 150 and 200 μL) with 250 μL of acetonitrile as the dispersive solvent were performed with the same extraction procedure. The results demonstrated the enrichment factor decreased from 320 to 44 with increasing volume of CCl4. When the volume of CCl4 was 40 μL, the volume of sediment phase was 25 μL; that was enough for GC analysis. As a result, the high analytical signals could be obtained at lower volumes of the extraction solvent. Therefore, 40 μL of CCl4 was selected as the optimum volume of the extraction solvent for the following experiments.
Optimization of dispersive solvent
Type of dispersive solvent. In DLLME, the disperse solvent must be rather miscible with both aqueous and organic phases, and form a cloudy state when its mixture with organic extractant was injected into the aqueous phase. In fact, the role of the disperser was dispersion of extraction solvent into the aqueous phase to provide a very large contact area. Therefore, it was expected that the presence of a disperser accelerates the extraction of analytes into the extraction solvent. For this purpose, methanol, acetone, dimethylformamide, and acetonitrile were tested as disperse solvents. To study the effect of the disperser on extraction efficiency and enrichment factor, the extraction of analytes was carried out by 45 μL of each disperser. The volume of sedimented phase for all dispersers was the same (10 ± 0.5 L). The results indicated that the type of disperse solvent had no significant effect on the enrichment factor, but had an effect on the extraction recovery (Fig. 4) . The maximum extraction recovery was achieved when the acetonitrile was used as the disperser. According to the obtained results, acetonitrile was selected as the most suitable disperser because of the formation of a cloudy state with very fine droplets and high recoveries of analytes. The volume of disperse solvent. The effect of acetonitrile in varying volumes (100, 150, 200, 250, 300, 350 and 400 μL) on extraction efficiency was studied (Fig. 5) . The results showed that the extraction efficiency initially increased and then decreased by increasing the volume of acetonitrile. It revealed that with a smaller volume of disperser, the cloudy state was not well-formed, thereby decreasing the extraction recovery. With larger volumes of disperser, the solubility of the analytes in water increased and therefore the extraction efficiency decreased. So, 250 μL of the volume of acetonitrile was selected as the optimum volume of the disperse solvent. 
Effect of ionic strength
The salting-out effect has been commonly applied in DLLME. The addition of a salt decreased the solubility of analytes in the aqueous sample and enhanced their partitioning into the organic phase. In order to evaluate the effect of ionic strength of the aqueous phase on the extraction efficiency of DLLME, different concentrations of sodium chloride (0, 25, 50, 75, 100, 125, 150, 175 and 200 g/L) were added into an aqueous sample solution (Fig. 6) . The results showed that the extraction efficiency initially increased and then decreased by increasing the concentration of NaCl. There was no significant increase in extraction recovery with more than 125 g/L of NaCl added. This may be due to the increased viscosity of the sample solution, which affected the mass transfer process negatively. Thus, the maximum extraction efficiency was achieved when the concentration of NaCl was 125 g/L. That is to say, 8 mL water sample requested the addition of 1.0 g NaCl.
Vortex time
The effects of vortex time on the extraction efficiency were investigated with various times (60, 90, 120, 150 and 180 s). The extraction efficiency increased as the extraction time was increased from 60 to 120 s. After then, the extraction efficiency profiles remained flat. Further increasing extraction time (150 and 180 s) did not contribute to an obvious increase of extraction efficiency. The mass transfer equilibrium could be achieved rapidly with the assistance of vortex. Therefore, 120 s was chosen for the following experiments.
Linear range, the limits of detection (LODs) and limits of quantitation (LOQs)
The linearity of calibration plots were obtained over the range of 0.2 -100 μg/L with good regression coefficients greater than 0.9991 for the eight earthy-musty odorous compounds. The limits of detection (LODs), based on a signal-to-noise (S/N) ratio of 3, ranged from 0.2 to 1.0 ng/L. The limits of quantification (LOQs), based on an S/N ratio of 10, were in the range of 0.6 -3.2 ng/L. The linear plot, LODs and LOQs are shown in Table 2 . The developed method provided a wide linearity range and high sensitivity for the analysis of the eight earthy-musty odorous compounds.
Extraction recoveries and precisions
The recoveries of the negative drinking water samples spiked with three levels (1 × LOQ, 2 × LOQ, 10 × LOQ) were used to evaluated the accuracy of the developed method (Listed in Table 3 ).
The mean recoveries for drinking water at three spiked concentrations levels of 0.6 -32 ng/L were in the range of 91.3 to 103%, the intra-day precision ranged from 3.1 to 7.5% (n = 6), and the inter-day precision ranged from 6.1 to 11.1% (n = 5). These data indicated that this proposed method had good repeatability.
Analysis of real samples
The analytical procedure above mentioned was applied to analyze 15 drinking water samples purchased in the Chinese market. Except for GSM, none of the other earthy-musty compounds were not found in the 15 real samples. GSM was only detected in one sample and its concentration was 3 ng/L, below the tolerance of standards (10 ng/L) for drinking water quality in China. That is, only 1 of the 15 selected real samples tested positive for GSM and its concentration was only 3 ng/L.
Conclusion
The vortex assisted dispersive liquid-liquid microextraction combined with gas chromatography tandem mass spectrometry method has been successfully developed for the determination of eight earthy-musty compounds in drinking water samples. Several parameters of the extraction procedure were studied and optimized (such as types and volumes of extraction solvent, disperser, vortex time and ionic strength). This method showed good linearity over the concentration range of 0.2 -100 μg/L and the limits of detection (LOD, S/N = 3) of the analytes ranged from 0.2 to 1.0 ng/L. The mean recoveries for drinking water at three spiked concentration levels of 0.6 -32 ng/L were in the range of 91.3 to 103%, the precision ranged from 3.1 to 7.5% (n = 6), and the inter-day precision ranged from 6.1 to 11.1% (n = 5). This method offers high-sensitivity for the analysis of earthy-musty compounds in drinking water. The proposed method was successfully applied to analyze earthymusty compounds in drinking water, and was confirmed to be simple, fast, efficient and accurate for identifying earthy-musty compounds in aqueous samples. 
